The edge and threading dislocations of M-plane GaN epilayers grown on ␥-LiAlO 2 have been studied by high-resolution transmission electron microscope. We found that edge dislocations were grown in ͓1100͔ direction while threading dislocations were generated along a 1 or −a 2 axes. We also observed a single stacking fault in the M-plane GaN epilayer. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2924288͔ GaN has attracted much attention in the current decade due to its potential application to blue light optoelectronic devices and high-performance electronic devices.
The edge and threading dislocations of M-plane GaN epilayers grown on ␥-LiAlO 2 have been studied by high-resolution transmission electron microscope. We found that edge dislocations were grown in ͓1100͔ direction while threading dislocations were generated along a 1 GaN has attracted much attention in the current decade due to its potential application to blue light optoelectronic devices and high-performance electronic devices. [1] [2] [3] [4] When GaN epilayer is grown on a sapphire ͑0001͒, a high density of threading dislocations can be induced in the c-plane GaN epilayer along ͓0001͔ direction. 5, 6 Nakamura et al. showed that the GaN-based light-emitting device was insensitive to the threading dislocation, 7 however, other studies indicated that the extended line defects did affect the optical [8] [9] [10] or electrical [11] [12] [13] [14] [15] performance of two-dimensional ͑2D͒ electron gas. In addition, Hino et al. showed that screw and mixed dislocations, were acting as nonradiative centers but edge dislocations were optically inactive. 16 On the contrary, Cherns et al. showed that both edge and screw dislocations acted as nonradiative centers in c-plane GaN / InGaN quantum wells. 17 The optical properties of line defects are still inconclusive for the c-plane GaN epilayer grown on sapphire. Moreover, a strong electrostatic field is induced at the heterointerface of AlGaN / GaN as grown on sapphire, due to the spontaneous and piezoelectric polarizations along the polar c axis. 18 The strong electrostatic field tilts the band structure of AlGaN / GaN quantum well, resulting in a quench of photoluminescence ͑PL͒. In order to avoid the internal electrostatic field, Waltereit et al. demonstrated that AlGaN / GaN grown along the ͓1100͔ direction on a ␥-LiAlO 2 substrate significantly enhanced luminous quantum efficiency. 19 The tetragonal ␥-LiAlO 2 ͑LAO͒ offers a nearly lattice-matched substrate to grow M-plane GaN ͑1100͒ on a rectangular anionic basal plane in which a LAO Х b LAO Х c GaN and c LAO Х 2a GaN , Fig. 1͑a͒ . The heterointerface of M-plane AlGaN / GaN is nonpolar, and hence the internal electrostatic field due to piezoelectric polarization is eliminated along the growth direction. The absence of piezoelectric field provides a flatband quantum well structure to enhance the luminous quantum efficiency for optoelectronic devices. [20] [21] [22] Therefore, in M-plane GaN, the detailed information of dislocation is necessary for the understanding of its role in optical and electronic properties.
Three GaN samples were grown on high-quality ␥-LiAlO 2 ͑100͒ substrate by plasma-assisted molecular beam epitaxy ͑MBE͒. The MBE system was used to grow GaN nanorods on Si͑111͒ substrate, 23 GaN films on sapphire, 24 and nanopillars on ␥-LiAlO 2 . 25 The growth of GaN epilayer was performed with a standard effusion cell for Ga evaporation and an rf-plasma cell for N 2 -plasma source. In this study, we grew GaN epilayers on ␥-LiAlO 2 substrate in the absence of a low-temperature GaN buffer layer. A 2 in. LiAlO 2 wafer was cut into four quarters for substrate preparation. The LiAlO 2 substrate, mounted on a rotating sample holder, was exposed to N 2 -plasma 10 min for nitridation at 500°C. After nitridation, GaN epilayers were grown at 600°C for 4 h with different N / Ga flux ratios ͑as measured by beam equivalent pressure͒: N/ Ga= 19.7 for sample A, N / Ga= 30.0 for sample B, and N / Ga= 38.2 for sample C. The epitaxial surface was developed with nucleation, aggregation, and coalescence to form a striplike terrace along the lateral orientation ͓1120͔ GaN ʈ ͓001͔ LAO . From our previous study, we showed that the low ratio of N / Ga flux is favorable for 2D-like M-plane growth, while the high ratio leads to easier growth of three-dimensional ͑3D͒-like c-plane nanopillars. 25 When the nucleation of rectangular basal plane ͑M-plane͒ predominated that of hexagonal basal plane a͒ Electronic mail: ikailo@mail.phys.nsysu.edu.tw.
FIG. 1. ͑Color online͒ ͑a͒ Schematic diagram for two-orientation GaN
͑M-plane and c-plane͒ grown on ␥-LiAlO 2 substrate. The SEM images of the morphology at side areas of ͑b͒ sample A, ͑c͒ sample B, and ͑d͒ sample C, respectively. The scale bar of the SEM images is 100 nm.
͑c-plane͒, the growth of M-plane surface became favorable, resulting in striplike terraces of M-plane GaN. The growth of M-plane surface along the lateral ͓1120͔ direction failed to coalesce with a c-plane hexagonal nanocrystal, yielding a 120°angle between them. Since the growth rate in the z direction for striplike M-plane GaN is different from that for compact hexagonal c-plane GaN, two-orientation GaN growth ͑2D M-plane and 3D c-plane͒ is then constructed. The schematic diagram is shown in Fig. 1͑a͒ . When we grew the GaN epilayers, the M-plane 2D terraces were constructed at the central area of the samples, while 3D c-plane nanocrystals survived mostly at the side area. Scanning electron microscope ͑SEM͒ images of the side areas of samples A, B, and C are shown in Figs. 1͑b͒-1͑d͒ , respectively. The axis orientations of M-plane and c-plane GaN in sample C are plotted on Fig. 1͑d͒ , which are consistent with the configuration in Fig. 1͑a͒ and reconfirm the two-orientation GaN growth. 25 To check the crystal structure we performed x-ray diffraction ͑XRD͒ measurement focused on both central and side areas of these samples. The XRD results were shown in the inset of Fig. 2 . The peaks at 2 = 34.68°and 32.29°for both central and side areas are corresponding to the diffraction of LiAlO 2 ͑200͒ and M-plane GaN ͑1100͒, respectively. However, the peak of 2 = 34.51°, due to the diffraction of c-plane GaN ͑0002͒, is clearly observed at the side areas of samples A and B but less in sample C. It is noted that a peak at 2 = 33.42°, induced by AlN ͑1100͒ diffraction, was slightly visible in the XRD patterns for samples A and C, in which the aluminum atoms probably came from the substrate.
Dislocation is a line defect extended to the crystal to relieve the strain induced by lattice mismatch. It can be characterized by a Burgers vector ͑b͒ and a dislocation line ͑l͒. Based on the angle between Burgers vector and dislocation line, the line defects can be categorized into three types: edge, screw, and mixed dislocations. 26 The Burgers vector is perpendicular to the line of edge dislocation ͑b Ќ l edge ͒ but parallel to that of screw dislocation ͑b ʈ l screw ͒. In the general case, the dislocation shows a mixed character of both edge and screw types to form a kind of threading dislocation. High-resolution TEM ͑HRTEM͒ and selected area electron diffraction ͑SAD͒ measurements were used to analyze the atomic structures of the extended line defects. A specimen for TEM measurement was cut by focused ion beam from the central area of sample A with a cleavage plane of GaN͑0001͒ ʈ LiAlO 2 ͑010͒, in which a c-plane GaN nanocrystal was embedded between two M-plane GaN terraces. A cross-sectional TEM image is shown in Fig. 3͑a͒ . The SAD patterns taken along the direction of ͓0001͔ GaN ʈ ͓010͔ LAO at the points located at DP01-DP04 are shown in Figs. 3͑b͒-3͑e͒. The SAD pattern taken at point DP01 indicates the diffraction spots of c-plane GaN along the ͓1100͔ direction, Fig. 3͑b͒ . The SAD pattern taken at point DP02 shows the diffraction spots of M-plane GaN along ͓0001͔ direction, Fig. 3͑c͒ . The SAD patterns taken at points DP01 and DP02 are supported by the morphology in SEM images. In Fig.  3͑d͒ , the SAD pattern at point DP03 indicates the diffraction spots of GaN͑0001͒ ʈ LiAlO 2 ͑010͒, and reconfirms the heterointerface to be GaN͑1100͒ ʈ LiAlO 2 ͑100͒, as illustrated in Fig. 1͑a͒ . The SAD pattern taken at point DP04 represents the diffraction of ␥-LiAlO 2 substrate along the ͓010͔ direction with different intensity of spots, Fig. 3͑e͒ . Many line defects are clearly visible in the cross-sectional TEM image. These dislocation lines can be classified to ͑i͒ the lines parallel to the direction ͓1100͔ denoted as l ͑i͒ , or ͑ii͒ those lines along with the prismatic axes a 1 or −a 2 , denoted as l ͑ii͒ . Because the edge dislocation line is perpendicular to Burgers vector, the dislocation lines l ͑i͒ are related to the edge dislocations of l edge ʈ ͓1100͔ with the Burgers vector b = 1 3 ͓1120͔, where ͑b Ќ l edge ͒ is shown in Fig. 3͑a͒ grown along the ͓0001͔ direction, the threading dislocations in M-plane GaN are generated along with the axes of a 1 or −a 2 leaving a 60°V-shape of lines in the TEM image.
To investigate the atomic microstructure of the line defects, we focused the electron beam on the top region of M-plane GaN terrace in Fig. 3͑a͒ for HRTEM measurement. The results of cross-sectional HRTEM images were shown in Figs. 4͑a͒ and 4͑c͒. A single stacking fault was detected between the lines in Fig. 4͑a͒ . The extra line was justified by the inversed fast Fourier transform ͑IFFT͒ from the TEM image. Figure 4͑b͒ shows the IFFT pattern of the red block in Fig. 4͑a͒ . In the IFFT pattern, it is shown that five lattice lines turned into six lattice lines after the stacking fault. We found that the separation between the two lattice lines at the left side is greater than that at the right side. We believe that the epitaxial strain was relaxed after the generation of stacking fault. The stacking fault associated with screw and edge dislocations to form threading dislocation lines. The atomic microstructure of an edge dislocation line is shown in Fig.  4͑c͒ , where the dislocation line ͑l edge ʈ ͓1100͔͒ and Burgers vector ͑b ʈ ͓1120͔͒ are shown as well. In addition to the line defects, we also examined the microstructure of grain boundary of M-plane GaN and the result is shown in Fig. 4͑d͒ . It is found that the prismatic planar defects with stacking faults were formed at the boundary of M-plane GaN. The prismatic planar defect originated from misfit dislocations as well as stacking faults are not responsible for strain relief. 27 In addition, we also observed a clear atomic microstructure of coalescence at the adjacent surfaces of M-plane GaN. The coalescence occurred after the prismatic planar defects and created a 60°angle between the surfaces. To evaluate the optical properties of the defects, we performed PL measurement at 77 K on sample A, and the results were shown in Fig. 2 . The intensity of the major peak at 3.348 eV was strongly reduced when the temperature increased and was attributed to donor-to-acceptor pair transition. 28 The second peak at 3.438 eV was related to the emission from neutral donor-bound exciton ͑D 0 X͒. The other peaks ͑3.262 and 3.469 eV͒ probably originated from the emissions of excitons bound to the structural defects as proposed by Calleja et al. 29 The PL spectrum reveals a variety of the defect levels in the sample, which is consistent with the results of the microstructure observed by TEM.
